' INTRODUCTION
When the characteristic dimension of a droplet is lower than the capillary length λ c = (γ/Fg) 1/2 [e.g., ∼2.7 mm for water in air, where γ is the liquidÀfluid surface tension (The liquidÀfluid interface can be liquidÀgas, liquidÀvapor, or liquidÀliquid if immiscible liquids. However, all the experiments in this report have been done with a liquidÀgas system of water in air.), F is the liquid density, and g is the acceleration due to gravity], the static resistance to sliding along a solid surface can be quantified by contact angle hysteresis. If, for example, a capillary tube containing a droplet, or plug, of liquid is all of the sudden turned vertically, causing the liquid to slowly slide downward under gravity, then the contact angles at the top and bottom of the liquid at the very moment the contact lines begin to move represent, respectively, the static receding and advancing contact angles θ r,s and θ a,s (the subscript "s" indicates that these are static angles), that is, the maximum and minimum angles reached just before the contact line recedes or advances. In this case, the following expression describes the hysteresis force per unit length along the inner circumference of the tube: f hyst = γ(cos θ r,s À cos θ a,s ). In other words, contact angle hysteresis is observed because a threshold force is required to start a droplet sliding. Once sliding, the droplet exhibits dynamic advancing and receding contact angles θ a and θ r, and force must be continually applied to maintain the sliding against the dynamic hysteresis. To clarify further, contact angle hysteresis specifies a threshold resistance force to initial movement, and dynamic contact angle hysteresis refers to the resistance at a particular sliding speed. We found selected works of de Gennes, 1, 2 Robbins and Joanny, 3 and Gao and McCarthy 4 to be excellent resources on the physics of contact angle hysteresis. Here we use the term "sliding" to simply refer to the macroscopically observed motion of a droplet moving along a surface; we do not mean to imply anything about the underlying physical mechanism, for example, we are not implying that there is slippage at the liquidÀsolid interface. It has been shown that dc EWOD voltages under a certain limit do not significantly affect hysteresis measured by a droplet filling and depleting experiment. Specifically, the difference between advancing and receding contact angles was approximately equal for various Ew up to 0.12. 5 Our investigation expands on this result by providing a full data set showing how hysteresis varies with voltage and speed in an operating condition relevant to a range EWOD-based systems, for example, digital microfluidics, 6À8 active windows, 9 and optical displays. 10 When quantifying the total resistance by hysteresis on a sliding droplet, one must consider the following. Typical experiments measure the dynamic contact angles θ at only two locations, for example, θ a at the front-most and θ r at the rear-most points of the sliding droplet, and therefore, assumptions must be made to account for the variations of contact angle along the rest of the contact line. Also, the shape of the contact line must be either assumed or independently measured. A further complication is the fact that θ a and θ r and contact line shape are dependent on the sliding speed, or capillary number Ca = ην/γ, where η is ABSTRACT: By designing and implementing a new experimental method, we have measured the dynamic advancing and receding contact angles and the resulting hysteresis of droplets under electrowetting-on-dielectric (EWOD). Measurements were obtained over wide ranges of applied EWOD voltages, or electrowetting numbers (0 e Ew e 0.9), and droplet sliding speeds, or capillary numbers (1.4 Â 10 À5 e Ca e 6.9 Â 10 À3 ). If Ew or Ca is low, dynamic contact angle hysteresis is not affected much by the EWOD voltage or the sliding speed; that is, the hysteresis increases by less than 50% with a 2 order-of-magnitude increase in sliding speed when Ca < 10
À3
. If both Ew and Ca are high, however, the hysteresis increases with either the EWOD voltage or the sliding speed. StickÀslip oscillations were observed at Ew > 0.4. Data are interpreted with simplified hydrodynamic (CoxÀVoinov) and molecular-kinetic theory (MKT) models; the CoxÀVoinov model captures the trend of the data, but it yields unreasonable fitting parameters. MKT fitting parameters associated with the advancing contact line are reasonable, but a lack of symmetry indicates that a more intricate model is required.
Langmuir ARTICLE shear viscosity and ν is sliding velocity.
11À13 With respect to our experiments, θ a and θ r are used to specify the dynamic contact angle hysteresis at a single plane only: the cross section oriented parallel to the sliding direction and passing through the center of the droplet. From the assumption that these measured angles represent extremes, we can draw useful conclusions about the total resistance on the droplet without needing to quantify the total force.
One of our main interests is to understand whether the pinning and depinning mechanisms (i.e., the causes of contact angle hysteresis) are affected by the electric fields applied during EWOD actuation. Previous studies 5, 9 suggest that, under typical EWOD conditions of an aqueous droplet on a hydrophobic surface, contact line drag is not sensitive to the applied voltage. This result implies that the drag experienced by an EWODactuated droplet is not sensitive to voltage, or electrowetting number Ew = cV 2 /2γ, where c is specific capacitance and V is applied voltage. In other words, because the interfacial properties that cause hysteresis do not appear to change with voltage, the drag on the droplet should be expected to vary with speed only. Of course, if EWOD actuates the droplet, droplet speed and apparent contact angle are functions of Ew, making it difficult to isolate the EWOD effect and the speed effect; this is why we have designed experiments that do not rely on EWOD actuation for sliding and thereby enable the examination of a wide range of well controlled voltages and sliding speeds.
Schertzer et al. 14 recently reported on the dynamics of droplet transport by EWOD actuation in typical parallel-plate digital microfluidic devices. Their measurements of dynamic contact angles covered the entire process of droplet actuation, capturing acceleration, steady droplet motion, and deceleration. To provide a visual contrast, Figure 1a and c shows schematics of EWOD actuation and our experimental setup. Despite the resemblance (i.e., the parallel-plate configuration), it is important to note a few differences that impact how our data should be interpreted. For example, we measured the contact angles of a droplet that was sliding by independent mechanical forcing so that the entire contact line of the droplet was under the same EWOD voltage. In this way, the dynamic hysteresis we report indicates the drag forces on the droplet under EWOD without being distorted by the EWOD driving force. The EWOD pulling forces act equally in all directions (e.g., forward and backward) and therefore cancel out of the force balance. In comparison, Schertzer et al. report a hysteresis that is strongly dependent on voltage because the advancing contact line is under EWOD voltage and the receding contact line is not. Importantly, Schertzer et al. used ac voltage for actuation, which may lead to different hysteresis from that exhibited by droplets under dc EWOD. 5 Finally, droplets under EWOD actuation travel at a range of speeds; we have intentionally avoided this in our experiments in order to achieve measurements at controlled sliding speeds. This will be discussed in more detail later.
Again referring to Figure 1 , let us point out another key difference between the two scenarios: the top plate in Figure 1a is hydrophobic, and the top plate in Figure 1c is hydrophilic. The main consequence of this is that the meniscus curvatures, being functions of the top and bottom contact angles as well as the distance between the plates (1 mm), will be significantly different for each case. To eliminate the effects of this coupling between the top and bottom contact angles via the meniscus curvature, we measured the contact angles less than ∼50 μm from the contact line.
The scheme of forced wetting in the presence of EWOD reported here is similar to that of Blake et al., 15 except that we covered a lower range of Ca and measured both advancing and receding angles in order to make the results more readily applicable to droplet sliding applications; Blake et al. covered a relatively high Ca range and measured only advancing angles, ensuring that the results were relevant to coating applications. Unlike coating films, EWOD-actuated droplets, for example, in a digital microfluidic device, travel at a range of speeds during each actuation; that is, upon the application of EWOD voltage, they accelerate to a maximum speed (reported speeds of up to ∼200 mm/s) and may or may not sustain a steady speed before deceleration. 14 In our experiments, however, the transient spreading dynamics that occur upon the application of EWOD voltage are intentionally avoided. To do this, we observed droplets sliding on a steadily moving surface by employing the following procedure: (i) apply dc voltage, (ii) initiate the programmed stage movement and trigger the camera, and (iii) analyze only those video frames captured after the stage has 0 of the concept of our experiment: A stationary droplet sits on a hydrophobiccoated dielectric, which moves left. The droplet sticks to a top hydrophilic electrode. Upper and lower contact angles, θ, at the center crosssection of each droplet are shown. Subscripts "a" and "r" denote advancing and receding, and subscripts "t1" and "t2" indicate right and left top plate angles. T 1 , T 2 , B 1 , and B 2 are contact points at y = 0, as shown in the top view. T c and B c are located at the midpoints of segments T 1 T 2 and B 1 B 2 and are used to define parameter δ in the cross section view.
Langmuir ARTICLE reached a steady speed. We thus minimized inertial effects (even though they were observed in some cases at high speeds and voltages) and measured contact angles using meniscus profiles that were approximately quasi-static over the measurement duration (125 ms). Inertial effects are discussed in more detail below.
Contact angle hysteresis poses a threshold resistance to droplet motion, and it therefore determines the minimum operating voltage of EWOD chips. For example, transporting water droplets surrounded by air using a typical EWOD device (e.g., having a 1 μm thick dielectric) requires at least 20À30 V. Low-voltage EWOD has been demonstrated in research settings using special high-k dielectrics and multilayer materials.
16À19
Parallel to developing better dielectrics, gaining a better understanding of hysteresis under EWOD through experiments will provide new insights applicable to a wide range of digital microfluidic schemes, 20 for example, using electrical, 5 demonstrated a significant reduction in contact angle hysteresis of droplets in air upon switching the actuation voltage from direct to alternating current. Oil is often used to reduce contact angle hysteresis and thus to make EWOD actuation both achievable at lower voltages and less sensitive to surface roughness. Ren et al. analyzed translation of droplets immersed in oil, 30 and Baviere et al. tracked droplets sliding by EWOD on an oil film. 21 We used dc voltages and excluded oil in our tests to avoid further complicating the dynamics resulting from time-varying forces and drag at the fluidÀfluid interface.
The lack of complete theoretical understanding of wetting dynamics under basic conditions makes it difficult to build a model that accounts for all aspects of contact line motion, including capillary oscillations and the electric fields present during EWOD. There exists a range of models incorporating molecular phenomenon of the moving wetting line, 15, 31, 32 viscous losses in the liquid body, 2,33 and combinations of both. 34 The fact that hybrid models are often more robust is an indication that there are multiple flow regimes in which different mechanisms dominate, depending on Ca, surface energies, and so on, and this is consistent with tilted plate droplet sliding 11, 35, 36 and inflation/deflation 37 experiments. The current experimental study, which builds upon preliminary work, 38 provides empirical knowledge of how resistance forces are related to electrowetting voltage and droplet sliding speed. The reported data has relevance, for example, to numerical modeling of EWOD droplet actuation. Walker et al. 39, 40 have demonstrated that accurate simulations cannot be achieved without incorporating hysteresis into such models. While our goal in this report is not to validate or modify existing theoretical models, the reported data may be useful in doing so. We have performed curve fitting using standard hydrodynamic (CoxÀVoinov) and molecular-kinetic theory (MKT) models (details in the Supporting Information) in order to facilitate comparisons of our data with other reports.
' EXPERIMENTAL SECTION
The experiment was designed to measure dynamic contact angles of droplets sliding at steady speeds. Figure 1 provides simplified top and cross section views of the droplet during experiments. Here, EWOD forces are applied equally around the lower contact line of the droplet, and sliding is driven by independent mechanical means. Two important consequences of this method are as follows. First, our setup avoids the problem of tracking a moving droplet by instead observing a stationary droplet sitting on a moving surface. Second, well controlled speeds are achieved by the computer controlled actuator on which the lower substrate is mounted. In contrast, using EWOD actuation to achieve the tested range of speeds would have been very difficult, especially since we were trying to avoid transient effects.
In most cases, the top contact angles (θ t1 and θ t2 ) were not dynamic contact angles because contact lines are not sliding on the top plate, which is stationary. At high voltage (60 V DC , Ew = 0.9) and high speeds (v > 100 mm/s, Ca > 1.4 Â 10 À3 ), however, bulk oscillations of the droplet were accompanied by relocations of the top contact lines. Our main interest, that is, dynamic contact angles under EWOD, are the contact angles θ a (V) and θ r (V) at the bottom contact lines, which were sliding on the moving bottom plate but stationary with respect to the camera.
Plate Fabrication. A simple photolithographic fabrication process was used to prepare EWOD substrates. First, 10/200 nm chromium/gold was evaporated onto silicon wafers. Bottom substrates then received a hydrophobic-coated dielectric (200 nm Teflon AF spin-coated upon 350 nm silicon nitride coated by plasma-enhanced chemical vapor deposition). Top substrates were coated with a thin-film gold but not coated hydrophobic. The exposed gold electrode served two purposes in our experiments. First, it provided electrical ground to the droplet for EWOD. Second, the droplet remained stationary (i.e., it was not carried away on the moving bottom substrate) by sticking to the gold due to the large measured hysteresis of water on gold (θ r ∼41°and θ a ∼86°).
Applying a voltage between the stationary top electrode and the moving bottom electrode allowed measurement of dynamic contact angles in the presence of an electrostatic field. This configuration is similar to a demonstrated method used to study wafer coating for immersion lithography. 41 Experimental Setup and Procedure. Figure 2 illustrates the overall experimental setup. The top substrate was attached to a vertical micrometer stage, used to precisely control the gap (1 mm in this report) between the top and bottom plates. The bottom substrate was actuated on a computer-controlled linear stage (Parker LP28 with a PC running Easi-V software), and images of the droplet were captured at 4000 frames per second using a high-speed camera (Phantom v7.2, 800 Â 600 pixels) with an optical resolution of 8.1 μm/pixel (note: pixel aspect ratio 1:1). Sufficient lighting was important for achieving high-contrast images of the droplet (see Figure 3a) . The amount of light reaching the camera sensor was dependent on the output of light source and the gap between the two plates. We found that it worked well to backlight the droplet using an LED flashlight (Princeton Tec, Impact II) mounted several inches from the plates, which were separated by a gap of 1 mm.
The experimental procedure was as follows: (i) deposit a water droplet (volume ∼3.14 μL) onto the lower substrate using a pipet, (ii) lower the upper substrate using the vertical micrometer to achieve a 1 mm gap, squeezing the droplet into a disklike shape having a ∼ 2 mm diameter, (iii) apply dc voltage across the upper (grounded) and lower substrates (positive), and (iv) simultaneously trigger the linear actuator and the high-speed camera. A new droplet of deionized water and fresh surface of the substrate were used for each test. Each speed and voltage pair was tested once, resulting in a total of 92 experiments. No repetitions were performed. Volume loss by evaporation was assumed to Langmuir ARTICLE have a negligible effect on measurements because the measurement duration was 125 ms. We did not observe volume loss by any other modes, for example, rivulet formation.
Image Analysis. In-house software analyzed the individual frames to obtain a time series of the contact angles. Figure 3a has a cropped raw frame taken from a video of a droplet sliding under 40 V DC at 10 mm/s. The dark region between the green dashed lines is the droplet. Bright regions in the droplet resulted from light passing through the droplet, and dark and light regions outside the green dashed lines are reflections on the top and bottom substrates. In some cases, momentary reflections caused bright spots that obscured the contact line(s); the frames (up to 100 frames in the worst case) affected by such optical errors were manually omitted from analysis. Figure 3b shows a screenshot of the contact angle measurement program, in which advancing and receding angles are simultaneously measured. Upon uploading an image, the software first uses a Canny edge detection technique with a subpixel modification 42 to find the droplet menisci. Then, the user inputs the baseline connecting the receding and advancing contact points. Then, the program fits a second order polynomial to 60 points (representing ∼50 μm) along the menisci, originating at the contact points. In this way, contact angles were measured with (0.8°a ccuracy. This error is equivalent to the variation of measured contact angles when the above processing technique was applied to a video of a static droplet (no sliding plate).
' RESULTS AND DISCUSSION Measured (Apparent) Contact Angles. The contact angles measured in our experiments are apparent contact angles, as opposed to the microscopic true contact angles. As the underlying mechanisms leading to measured dynamic angles are not fully understood, macroscopic (apparent) angles cannot be extrapolated to the solid surface in order to infer the corresponding true contact angle. 34 For example, the difference between the apparent and true contact angles on microstructured surfaces has been visualized by sliding a two-dimensionalized droplet on a two-dimensional superhydrophobic surface. 43 Also, the Maxwell stresses at the solidÀliquid interface due to EWOD are localized 44 to a distance (∼ 1 μm) well below our measurement resolution (∼ 100 μm). As result, apparent contact angles not only reflect the influence of contact line resistance, but also reflect the EWOD force per unit length f drive = γEw on the xÀy plane (the substrate surface), outward normal to the contact line.
Dynamic Contact Angles. Dynamic contact angle data are presented and discussed using Figures 4 and 5. Before looking at the measured contact angle values, let us examine Figure 4 to gain a qualitative understanding of the observed behaviors, discussed in terms of low and high Ca regimes. We recognize that there is an intermediate regime (roughly 5 Â 10 À4 < Ca < 10 À3 ), during which we observe a transition from low to high Ca behaviors. Figure 4 shows meniscus profiles for the lowest and highest sliding speeds (i.e., 1 and 500 mm/s, or Ca = 1.4 Â 10 À5 and 6.9 Â 10 À3 , respectively) at 0, 20, and 40 V DC , corresponding to Ew = 0, 0.1, and 0.4, respectively. To calculate Ew, we first measured static contact angles at various voltages, then used the data to construct an electrowetting curve (cos θ(V) À cos θ) versus V 2 , and finally fit a line to the appropriate range of data (i.e., excluding low voltage data affected by hysteresis and high voltage data affected by saturation). Meniscus profiles were extracted from video frames using ImageJ edge detection. Figure 4 illustrates an important distinction between low-and high-Ca sliding based on our data: hysteresis is apparently insensitive to EWOD voltage at Ca < 5 Â 10 À4 when Ew e 0.4, and hysteresis is voltage-dependent at Ca > 10 À3 when Ew e 0.4. Comparing left and right columns, we can clearly see that in the right column increasing voltage causes increased stretching of the droplet in the direction of plate motion, indicating increased resistance to sliding. In contrast, there is no apparent difference in droplet stretching indicated by meniscus profiles in the left column. In this low Ca regime, apparent contact angles may decrease with voltage, but hysteresis does not. Keep in mind that, for the initial static situation before sliding commences, the meniscus profiles are symmetrical about the center of the droplet. We can also interpret the data by thinking of dynamic contact angle hysteresis as a result of a kinetic friction force. First imagine there is no friction: the contact angles would be symmetrical at every cross section of the droplet at any sliding speed, so we would observe no hysteresis. In this case, we cannot impart a force to the moving substrate by sliding the droplet. Next imagine there is infinite friction: the droplet would not slide, but rather it would stretch until rupture at any sliding speed, so the hysteresis would be immeasurable. Finally, imagine there is finite friction: the droplet is stretched to an extent that indicates the amount of sliding friction. In this case, the force we can impart to the moving substrate by sliding the droplet is related to the surface tension and how much the droplet has been stretched in the sliding direction, which we quantify by dynamic contact angle hysteresis force γ(cos θ r (V) À cos θ a (V)).
Figure 5a summarizes dynamic contact angle data at sliding speeds ranging from 1 to 500 mm/s, corresponding to Ca between 1.4 Â 10 À5 and 6.9 Â 10 À3 . Each data point represents the average of contact angles extracted from ∼500 video frames (representing a duration of 125 ms), and the standard deviations of each average are shown in Figure 5c . In Figure 5a , advancing (right-of-center) and receding (left-of-center) data are plotted versus Ca in logarithmic scale. Note that Ca is a function of contact line velocity (i.e., it is negative for the receding contact line) and its magnitude is assumed equal to the stage speed. As expected, all angles decreased with applied EWOD voltage, and advancing angles increased with speed while receding angles decreased with speed. A higher advancing angle and a lower receding angle, that is, increased contact angle hysteresis, means a droplet encounters more resistance as it slides faster. Data at the highest voltage (60 V DC or Ew = 0.9) are not discussed here because contact line motions were oscillatory and therefore contact line speeds varied significantly from stage speeds. These data are discussed later in a dedicated subsection.
We see a transition at Ca ≈ 10
À3
, above which there are clear voltage and speed dependences. For a water droplet, Ca = 10 À3 corresponds to ν ∼ 70 mm/s, which is commonly achieved by droplets in EWOD devices reported in the literature. For Ca < 10 À3 , the observed dependence of contact angle on sliding speed is weak. In this range, dynamic contact angles change much more by EWOD than by sliding. In the high sliding speed range of Ca > 10 À3 , however, the electrowetting voltage strengthens the dependence on speed. As the sliding speed approaches Ca = 10 À2 , the advancing dynamic contact angle at Ew = 0.4 catches up with those at Ew = 0 and Ew = 0.1, while the receding dynamic contact angle at Ew = 0.4 distances itself lower from those at Ew = 0 and Ew = 0.1. It has not yet been demonstrated that pure water droplets can reach Ca = 10 À2 under EWOD actuation alone, but we expect that this regime is relevant to a wide range of aqueous surfactant and biochemical solutions, which can have about same hysteresis as water but lower surface tension and higher viscosity (recall Ca = ην/γ).
Figure 5b plots the above data to express the difference between the advancing and receding as a dimensionless resistance force per unit length (cos θ r (V) À cos θ a (V)) versus Ca. The effect of high sliding speed is most clearly seen: the resistance increases with EWOD voltage if the sliding speed is high. In the low speed range, the resistance to sliding appears to be independent of voltage; this finding supports the previously reported notion that dynamic contact line resistance may be characterized by a voltage-independent coefficient of friction. 10 Inertial Effects. We have stated that the dynamic contact angles reported in Figure 5a were averaged over 500 video frames, spanning 125 ms of droplet sliding, and therefore there is a built-in approximation that the meniscus for this period is quasi-static. For a given experiment, the validity of this approximation is related to the variation in measured contact angles prior to averaging. Figure 5c is a plot of standard deviations (SD) of measured dynamic contact angles for Ew = 0, 0.1, and 0.4 at all speeds. At Ew = 0.9, the quasi-static approximation is inappropriate for all speeds due to the large oscillations of the contact lines. The dimensionless Weber number (We = v 2 Fl/γ, where v is the stage speed, F = 1000 kg/m 3 is the liquid density, and l = 1 mm is the plate gap) expresses the relative importance of inertial and Langmuir ARTICLE surface tension forces; for our experiments, We ranges from 1.4 Â 10 À5 at 1 mm/s to 3.5 at 500 mm/s. In Figure 5c , the SD values at Ca < 10 À3 (We ∼ 0.07) are approximately 1°for all voltages, suggesting that inertial effects are minimal. At Ca > 10 À3 , however, the SD values increase with increasing Ca. This clear increase of contact angle variation with stage speed indicates the strengthening influence of inertia, especially under strong electrowetting (Ew = 0.4 in Figure 5c ). This can be explained as follows. The sudden initial acceleration (fixed at 2 m/s 2 ) of the stage imposed a force causing sudden deformation of the droplet accompanied by oscillations that remained during steady sliding of the plate, and the amplitudes of said oscillations were larger at higher speeds. A simple scaling analysis based on surface tension and inertial energies, provided in the Supporting Information, shows that a characteristic time scale for inertial droplet oscillations in this experimental configuration is about 10 ms. his agrees with our observations of the slight contact angle oscillations (characterized by 1°< SD < 10°) observed at Ew = 0.4 and Ca > 10 À3 as well as bulk droplet oscillations at Ew = 0.9, which are discussed in the Supporting Information. Because the inertial time scale is about 10 times less than our experimental time scale (125 ms), we were able to observe several cycles. For this system, the estimated visco-capillary time scale (τ η ∼ lη/γ ∼ 10 μs, with viscosity η = 0.001 Pa 3 s) is well below the temporal measurement resolution (250 μs), meaning that viscous effects were not significant with respect to the observed oscillations.
Dynamic Wetting Models. We have compared the usefulness of simplified dynamic contact angle models based on hydrodynamics (CoxÀVoinov) and molecular-kinetic theory (MKT) with respect to our data. The details of our fitting procedures, plots, and fitting parameters are included as Supporting Information. In short, the CoxÀVoinov model most faithfully captures the trend of the data at Ew = 0.4, which makes qualitative sense given that the contact angles are lowest for this case (data for Ew = 0.9 were excluded from this analysis). This result, however, is contradicted by physically unreasonable fitting parameters. Alternatively, the MKT yielded physically reasonable fitting parameters at the advancing contact line, but not at the receding. This lack of symmetry for wetting and dewetting indicates the failure of the model to capture both processes and suggests perhaps that there is a different balance of dissipation mechanisms at the front and rear of the droplet. As explained recently by Fetzer and Ralston, 45 it may be appropriate to attribute the observed asymmetry of advancing and receding contact angles to microscopic pinning energies. The main conclusion from the analyses based on these simplified theoretical models (i.e., the CV and MKT) is that a more intricate model will be required in order to capture the full range of dynamics associated with droplet sliding under EWOD, especially for cases with high contact angles and low viscosities.
Contact lines dewetting above a critical velocity become serrated, developing trailing vertices, or corners. At even higher velocities, rivulets or droplets are deposited onto the surface. 46, 47 We did not observe these types of liquid deposition in our experiments, but, with our current experimental setup, we cannot say for sure whether or not a corner was formed at the rear of the droplet. Bertrand et al. provided an estimate for the critical receding dynamic contact angle (θ c ) below which such corners should be expected. Their relationship, θ c = 3ln(L/a)/(ζ/η), eq 17 in ref 46 , is a function of a dimensionless ratio, ζ/η, where ζ is a contact-line friction coefficient based on MKT parameters: 46 ζ ∼ k B T/kλ 3 . Using fitting parameters of the Ew = 0.4 advancing contact line (details in Supporting Information), we have ζ ∼ 0.08 P 3 s and ζ/η ∼ 80. With ln(L/a) = 10, we may expect trailing corners to form when the receding contact angle is observed to be ∼20°; the fact that we did not measure contact angles below about 45°for Ew e 0.4 might suggest that there were no corners, but this is highly speculative considering the uncertainty of the MKT fitting parameters.
StickÀSlip Motion. The contact lines were not stable for experiments at 60 V DC (Ew = 0.9). While the periodic motions described in this subsection are interesting, the associated contact angle data, being oscillatory, are not included with our main results ( Figure 5 ). We observed periodic pinning (stick) and rapid forward recovery (slip) of the wetting line. For slow sliding speeds, that is, Ca < 5 Â 10 À4 , advancing angles oscillated between ∼60°and ∼90°, and the wetting line traveled about 0.3 mm. Within a few milliseconds after the recovery slip of the advancing line, the receding line slipped forward as well. Figure 6 provides the meniscus profiles during a representative experiment, in which the stage moved left at 3 mm/s. The lines are numbered to indicate moments in time, where "1" is the moment prior to slip, "2" is the moment after the advancing line has slipped, and "3" is the moment after the receding contact line has slipped, occurring a few milliseconds after "2". A transition from state "3" to "1" completes the cycle. During this later stage, that is, Figure 6 . Side view meniscus profiles showing stickÀslip motion occurring on the EWOD plate of 60 V DC (Ew = 0.9) moving at 3 mm/s (Ca = 4.1 Â 10 À5 ) to the left. The lines are numbered to indicate moments in time, where "1" is the moment prior to slip, "2" is the moment after the advancing line has slipped, and "3" is the moment after the receding contact line has slipped, occurring a few milliseconds after "2". A transition from state "3" to "1" completes the cycle. Profiles were obtained using edge detection in ImageJ. Figure 7 . Plots of dynamic contact angles, contact points T 1 , T 2 , B 1 , and B 2 , and displacement parameter δ for 3 and 300 mm/s sliding speeds. Time scales are the same for all plots, and vertical axis scales are the same for each row.
Langmuir ARTICLE "3" to "1", advancing and receding contact lines are pinned; that is, they have zero velocity relative to the bottom plate. With a contact line acceleration measured to be a ≈ 1000 m/s 2 on average during slip ("1" to "2"), the associated capillary length is λ c ∼ (γ/Fa) 1/2 ∼ 0.3 mm, which agrees with the observed slip displacement. Figure 7 summarizes periodic motions observed at Ew = 0.9 for low-and high-Ca sliding in terms of contact angles, contact line locations (B 1 , B 2 , T 1 , and T 2 ), and droplet shear δ (defined in Figure 1b and c) . Time histories of contact angles for six intermediate sliding speeds (1.4 Â 10 À4 e Ca e 8.2 Â 10 À4 ) are provided in the Supporting Information to show the transition from large-to small-amplitude stick-slips. By examining the contact angles in the top row, we observe a momentary negative hysteresis at 3 mm/s. Time histories of the contact line points, T 1 , T 2 , B 1 , and B 2 , are plotted on the second row, and those of the droplet shear δ are on the third rows. The droplet shear δ represents the position of the bottom wetted area relative to the top along the x-axis (see Figure 1b and c) and is defined to be positive when the bottom wetting area is trailing the top wetted area. While the slow-speed case (left column) is characterized by large-amplitude stick-slips, the high-speed case (right column) is characterized by inertial bulk droplet oscillations. A simple spring-mass scaling analysis of this motion is provided in the Supporting Information.
' SUMMARY
We have designed and implemented an experiment to measure both advancing and receding dynamic contact angles under EWOD as function of droplet sliding speed. Covering ranges of Ew and Ca relevant to EWOD droplet microfluidic systems, the obtained data led us to the relationships between the dynamic contact angle hysteresis and sliding speed or EWOD voltage. Our results show that for Ca < 5 Â 10 À4 , contact angle hysteresis has no apparent voltage dependence and a weak variation with sliding speed. When Ca >10
À3
, however, contact angle hysteresis is strongly voltage-and speed-dependent. At Ew = 0.9, we observed large-amplitude stickÀslip motions when Ca < 5 Â 10 ' REFERENCES
